INTRODUCTION
In vivo transcription occurs in the context of chromatin, the structural organization of nucleic acids and proteins. Core histones are considered to be the proteins forming the backbone on which the genomic DNA finds a support generating the nucleosome, which is considered to be the structural chromatin unit (1) . The nucleosomes are composed of two molecules each of H2A, H2B, H3 and H4, whereas HI and its variants do not form part of the nucleosome probably being localized at the intemucleosomal level (2) . Although it seems probable that HI histones are involved in the formation of supranucleosomal structures, the significance of this group of histones has not yet been fully elucidated. Nonhistone proteins, probably comprising a large proportion of transcription factors, bind to the nucleosomal complex and form the final network in which context replication and transcription takes place (3) .
Histones in general and the HI group in particular have been associated with the repressed state of transcription (4, 5) . Experimental evidence has been published suggesting that the amount of histone HI is decreased in transcriptionally active chromatin and that the binding properties of HI to die core nucleosomes are different in active and inactive chromatin fractions (6, 7) . In in vitro experiments it has been shown that H1 is able to bind general transcription factors and specifically repress transcription (8, 9) . In chromatin fractions separated according to their transcriptional activity, the HI variant HI 0 has been found associated with repressed genes (4, 5) . Furthermore, this histone accumulates in differentiating cells and its amount, compared to other HI variants, is greatly increased in terminally differentiated tissues. This suggests that HI 0 may be involved in the fixation of the new differentiated phenotype (10, 11, 12) . It has been discussed whether this increase may also be related to the proliferative capacity of the cells and results have been presented suggesting that H5, the avian counterpart of HI 0 , may indeed play some role in proliferation (13, 14) . On the other hand, there is experimental evidence showing that in differentiating cells the content of HI 0 is increased and that this increase is not associated with a decrease in cell proliferation. Retinoic acid-treated F9 cells increase the steady-state level of HI 0 mRNA several times and this increase is at least partially due to an increased transcriptional activity of the gene (12) .
All this points to the HI 0 protein as a key factor in the control of gene expression in developing and differentiating eucaryotic systems, liierefore, a thorough analysis of the regulation of HI 0 transcription, both at the basal level and at the enhanced stage, would be of major interest for the understanding of the control mechanisms of gene expression at the transcriptional level. Knowledge about control of this replacement histone would facilitate the understanding of the mechanisms responsible for the repression observed in systems committed to differentiate, thereby reorganizing their chromatin structure as well as their transcriptional activity. We have already shown that the elements responsible for basal level and enhanced transcriptional activity in retinoic acid-treated F9 cells are located in the proximal 700 bp of the promoter region and that the enhanced transcription is mediated by a RARE located at position -540 (15, manuscript in preparation). In this report, we show that the basal level transcription of the histone HI 0 gene in F9 cells is mediated by
• To whom correspondence should be addressed an 80 bp DNA sequence situated 450 nucleotides upstream of the transcriptional start point, that does not enclose the RARE sequence, and that binds at least two specific trans-acting factors.
MATERIALS AND METHODS

Construction of recombinants and transfection assays
Clone Hl°42 contains the 700 bp upstream from the transcription start point, cloned into the plasmid Bluescript (15) . Deletion mutants were created by opening the sequence at its 5'end followed by BaBl treatment. Deletions were characterized by sequencing and cloned into the Hindlll-BamHI site of plasmid pBLcat3 (16) . Recombinants Avall/s and Avail/as were created by using the 117 bp Avail fragment of clone Hl°42 (nucleotides -529 to -412) in plasmid pBLcat2 either in sense (s) or in antisense (as) orientation. Recombinants 'oligo I' and 'oligo HI' were produced by cloning the sequence CTGGGGAGGCG-ACCCCTCCCCCCTTGTCCCGACT (nts -527 to -494) and its complementary or the oligonucleotide TCGCCCAGCTC-AGGGCCGCGTGTGTTAGTT (nts -479 to -450) and its complementary at the Hindlll site of plasmid pBLcat2 (16) . Transfection was performed by electroporating 20 /tg of the corresponding DNA together with 2 fig of plasmid CMV-/3-Gal DNA into 10 7 F9 cells at 120V and 960 /iF. Two days after electroporation, cells were collected, extract was prepared and CAT activity was determined as described (15) . Differences in transfection efficiency were normalized taking the /3-gal values as control. Mutant recombinants were constructed by site directed mutagenesis of the G-residues found to be methylated in the DMS-interference analysis. To facilitate identification of mutated recombinants, either an EcoRI or an EcoRVrecognition site was introduced at the mutated site (see the correponding figure legends).
Band-shifting, interference footprinting and DMS-methylation
For band shifting, the corresponding oligonucleotide was labelled by using T4 polynucleotide kinase and 7-32 P-ATP and annealed with the complementary chain. The double-stranded oligonucleotide was then purified by polyacrylamide gel electrophoresis. Reactions were set up using 8 to 40 /xg of F9 extract prepared as described (17) . Complexes were separated by non-denaturing agarose gel electrophoresis, dried and autoradiographed. For DNasel footprinting, the Bgll-Nael fragment (nucleotides -594 to -291) was end-labelled, complexed with proteins and treated with increasing concentrations of DNasel. Digested DNAs were precipitated and separated on sequencing polyacrylamide gels. For dimethyl sulfate (DMS) interference, the corresponding oligonucleotides were radioactively labelled, treated for 1 minute with 1 % DMS, the DNA was precipitated and complexed with F9 nuclear extract. The complexes were separated by agarose gel electrophoresis, the position of the complexes was identified by autoradiography, cut out, treated with piperidine and separated by acrylamide gel electrophoresis as described (18) .
UV-cross linking experiments
Radioactively labelled oligonucleotides were complexed with nuclear proteins and irradiated on ice for 5 minutes with an UVlamp (253 nm) at a distance of 3,5 cm. Complexes were separated by agarose gel electrophoresis. Retarded complexes were cut out of the gel, incubated with PAGE-running buffer for 3 minutes at 60°C and separated on 10% polyacrylamide gels (18) .
RESULTS
Deletion mapping analysis of the HI 0 distal promoter region
It has been shown that a 573 bp fragment of the histone HI 0 proximal promoter region is sufficient to drive efficient transcription of a reporter gene in F9 cells (15) . This fragment also contains all signals necessary to ensure an enhanced transcription of the gene after treatment of the cells with retinoic acid. Furthermore, it was also shown that a further deletion of 260 bp almost completely abolishes both basal level transcription and inducibility by retinoic acid (15) . Hence, the trans-acting factors controlling basal level expression must bind sequences enclosed in the -573 to -314 nt promoter region. For this reason, we have analysed the Bgll-Nael fragment (-549 to -291), encompassing the afore-mentioned region, by deletion mapping, DNasel footprinting and dimethyl interference techniques. A series of deletion mutants, encompassing a few bases of the distal promoter region, was produced and cloned into the vector pBLcat3 (see Materials and Methods). DNAs from the deletion mutants were transfected into F9 cells and the CAT-reporter activity was measured and compared with that of the wild type. Fig. 1 shows the results of these experiments. We observed that deletions up to nt -531 did not impair transcriptional activity, although this region comprises the RARE sequence known to be reponsible for the retinoic acid-mediated transcriptional enhancement. This RARE is composed of two GGTGACC motifs separated by seven nucleotides, each motif being the sequence recognized by the restriction enzyme BstEIl (manuscript in preparation). Nevertheless, a further deletion up to nt -488 lowers the CAT activity to 40% of the control values and shortening the promoter up to nt -451 reduces transcriptional activity to about 2% of the controls. Further deletions up to nucleotide -114 did not have any further influence on activity. Thus, the activity of the HI 0 gene promoter decreases abruptly after deletion of the 80 nucleotides lying between nucleotides -531 and -451 of the distal region.
Footprinting analysis of the HI 0 distal promoter region
The results shown in Fig. 1 suggest that several transcription factors could bind to the -594 to -314 promoter fragment and that these factors are probably responsible for the observed transcription pattern. We therefore decided to analyse the protein-DNA interactions of this fragment via in vitro DNasel footprinting analysis. An asymetrically labelled Bgll-Nael fragment (see Fig. 1 ) was complexed with nuclear proteins from F9 cells and digested with increasing concentrations of DNasel. As shown in Fig. 2A , two footprints were observed either with the lower or the upper strand labelled. In the upper strand, the first footprint comprises nts -340 to -381 (footprint n), localized therefore outside of the fragment known from the deletion experiments to be responsible for maintaining transcriptional strength (see Fig. 1 and sequence in Fig. 2B ). A second footprint (footprint I) was observed between deletions A71 and A72 (nucleotides -495 to -527), in the region known to be necessary for maintaining transcriptional strength. Interestingly, no clear footprint was observed at the RARE sequence found immediately upstream of footprint I (shown in italics in Fig. 2B ) despite the fact that this sequence is able to bind retinoic acid receptors efficiently in vitro and that undifferentiated F9 cells contain retinoic acid receptors. Furthermore, only an extremely faint footprint was observed in the sequence between nucleotides -488 and -451, encompassing deletions A72 to A73 and known from the transfection experiments to be indispensable for maintaining transcriptional strength (see Fig.l and small capitals in Fig. 2B) . Finally, the position of the retinoic acid receptor element, the limits of footprints I and II as well as of oligonucleotide region HI in the Bgll-Nael sequence is depicted in figure 2B .
Oligonucleotides I and III bind F9 proteins specifically
To further demonstrate that the sequences encompassing the 80 bp fragment are able to bind proteins in a sequence-specific manner, we synthesized oligonucleotides corresponding to footprint I plus 5 bp flanking regions on each side (see materials and methods) as well as another oligonucleotide (oligo HI) corresponding to the sequence distance between A72 and A73, which deletion decreases transcription sharply (see figures 1 and 2B). Oligonucleotides were radioactivelly labelled, complexed with F9 nuclear proteins and separated by agarose gel electrophoresis. As shown in Fig. 3 , both oligonucleotides were able to bind F9 proteins and to produce retarded complexes. Furthermore, complexes formed by oligonucleotide I cannot be competed with oligonucleotide III and vice versa oligonucleotide in complexes cannot be competed with oligonucleotide I (Fig. 3,  lanes 1-4) . Both types of complexes, nevertheless, are efficiendy competed by addition of the same unlabelled sequence respectively (Fig. 3, lanes 5-8) . Hence, bodi sequences specifically bind nuclear factors and cannot be competed by crosscompetition experiments, suggesting that the binding factors are different from each other. The band-shifting results obtained with oligonucleotide HI demonstrate that this sequence is able to bind specifically transacting factors. This binding was reflected in the DNasel footprinting experiments only by a very faint footprint, even in the presence of large amounts of F9 nuclear proteins. The reason for this divergence is not known, but it may well be drat the conditions used for DNasel treatment do not allow the formation of stable complexes resistent to die action of die enzyme. We are at present analysing this point by means of in vivo DNasel footprinting.
Dimethylsulfate interference experiments
The results shown above demonstrate that nuclear factors are able to complex widi oligonucleotide sequences coresponding to footprint I and the difference between deletions A72 and A73 (oligo IE, see figure 2B ), bom enclosed in the promoter fragment, known to be indispensable for mantaining transcriptional strength. We decided therefore to further characterize the DNA-protein contacts between the oligonucleotides and F9 nuclear proteins using dimethylsulfate interference analysis. Oligos I and HI were mediylated, incubated widi nuclear proteins and used for bandshifting experiments. The specific complexes were excised from the gel, the DNA was treated with piperidine and separated by polyacrylamide gel electrophoresis. Figure 4A shows the results of this experiment. Depicted is the sequence of both oligonucletides widi die methylated residues printed in bold letters. Both upper and lower chains contain a series of methylated guanines being the length of the modified sequence smaller than die footprint obtained wim DNasel, known already to overestimate the length of die binding sequence.
Methylated Gs are involved in the specific protein-oligonucleotide binding
The specificity of die binding between uie proteins and oligonucleotides I and HI can be assessed by mutating die G residues found to interfere complex formation and using die mutated oligonucleotides for band-shifting experiments. If die mediylated residues were involved in protein binding, mutated oligonucleotides should be unable to form retarded complexes as observed widi wild type sequences. Consequently, oligonucleotides in which contacting Gs were mutated (mutant oligos I and in in Fig. 4A ) were syndiesized and used for bandshifting experiments. The results of tiiese experiments are shown in Fig. 4B . Whereas die wild type oligonucleotides showed die retarded complexes observed earlier (see Fig. 3 ) no such complexes could be detected using die mutated sequences, demonstrating diat die binding of die proteins to me oligonucleotide sequences is mediated by die mediylated bases shown in Fig. 4A . This accounts for bodi oligo I and HI. In the case of mutant oligo HI, two new retarded complexes appeared (black triangles in Fig. 4B ) whereas die specific complex disappeared almost completely. Furthermore, me mutated oligonucleotides were unable to compete out the complexes formed by the wild type sequences, even when a 500 molar excess of competitor was used (data not shown), reinforcing the conclusion that the protein-DNA complexes were mediated by the mutated guanine residues.
Binding of the proteins to the oligonucletides is necessary for transcriptional activity
The results presented above demonstrate that the specificity of the oligonucleotide-protein complexes is mediated by several guanines which methylation inhibits complex formation (Fig. 4A) . We reasoned that, if these complexes were involved in modulating transcriptional activity, mutation of these guanines in the wild type promoter (see Fig. 1 ), and therefore inhibition of the formation of the protein-DNA complexes, should decrease transcriptional activity in transfection experiments. To prove this, we produced two series of recombinants in which the mutations depicted in Fig. 4A were introduced by site directed mutagenesis into recombinant Al (Fig. 1) , containing 741 bases of the promoter region. In one series, only nucleotides corresponding to the footprint I region were mutated whereas in the second series, only nucleotides corresponding to the (for simplicity called) region in were changed. DNA was prepared, transfected into undifferentiated F9 cells and the CAT reporter activities were calculated, taking the wild type values as 100%. Figure 4C shows the results of these experiments as an histogram. Both mutants decrease transcription of the reporter gene to approximately 50% of the non-mutated, wild type DNA values. We therefore conclude, that binding of the protein(s) to footprint I and region HI is necessary to modulate transcriptional activity in vivo, and that these proteins function as transcription factors. The complexes were separated in nondenaturing agarose gels, cut out, incubated at 60°C with running buffer and separated by polyacrylamide gel electrophoresis (18) . The gels were dried and exposed to X-ray films. I, n and in give the labelled oligonucleotide used. Arrows denote the positions of the close migrating bands.
Oligonucleotides I and HI drive transcription in heterologous promoters
Our results demonstrate diat the DNA promoter fragment comprising footprint I and region HI is responsible for establishing transcriptional strength (Fig. 1) . To answer the question, whether this fragment is also able to enhance transcriptional activity when ligated to a heterologous promoter, we cloned die 117 bp Avail fragment (nucleotides -529 to -412) comprising footprint I and region HI (see Fig. 1 ) in sense or antisense orientation into plasmid pBLcat2, which contains the HSV-tk promoter (16) . Furthermore, we produced recombinants carrying a copy either of oligo m or oligo I at die same position in plasmid pBLcat2. The corresponding recombinant DNAs were transfected into F9 cells and die CAT activity was calculated. As shown in Fig. 5A the Avail DNA fragment in each orientation as well as both oligos stimulate me CAT activity found for die parental pBLcat2 plasmid by two-to direefold. This stimulation is nevertheless much lower dian die 50 fold activity observed in die deletion analyses shown in figure 1 . These results merefore suggest diat die 117 bp fragment develops only full activity in die context of die entire HI 0 promoter.
To analyse whether diis transcriptional stimulation was also mediated by die binding of specific trans-acting factors to die cloned oligonucleotides, we cloned die mutated sequences I or HI (see Figs. 4A and B) in front of die HSV-dc promoter in plasmid pBLcat2 as described before, prepared DNA and transfected it into F9 cells. The CAT reporter activity was calculated and referred to drat of die wild type constructions. As shown in Fig. 5B for die oligo I, no enhancement of transcription was observed widi die constructions containing die mutant oligos referred to die parental plasmid, indicating diat binding of die trans-acting factors (see Fig. 3 ) to die oligonucleotide sequences is also necessary to modulate transcription in die heterologous promoter.
Cross-linking experiments
The results presented above show diat the 80 bp promoter fragment binds at least two different factors and diat it is able to modulate transcription in bodi homologous and heterologous constructions. We have characterized diese factors more accurately using UV-cross linking experiments. Oligos I and HI were complexed widi F9 nuclear proteins, irradiated widi UVlight to cross-link proteins to DNA and die cross-linked complexes were tiien separated by polyacrylamide gel electrophoresis. Fig. 6 shows die results of diese experiments. When oligo I was used, two close migrating bands were identified, with MW of 90,000 and 93,000 after deducing the MW of die labelled oligonucleotide. Curiously, a similar picture was evident when oligonucleotide IE was used. Two closemigrating bands were observed, widi MW of 30,000 and 32,000. That this is not an artificial result was shown by the fact diat, when oligo II (see figure 2B ) was used for cross-linking, only one band of a MW of 110,000 approximately appeared. To further substantiate diese results, we pre-incubated die nuclear extract widi a 500 molar excess of wild type or mutated oligonucleotides. Reactions were separated in agarose gels and die region of die gel corresponding to die position of die retarded complexes was cut out, cross-linked and separated in polyacrylamide gels. We never observed any labelled protein when wild type oligonucleotides were used for competition. Furthermore, no alteration of die protein pattern in the electrophoresis was observed when die competitions were carried out widi die mutated oligonucleotides (results not shown), demonstrating diat die binding of die proteins to die oligonucleotide was specific.
DISCUSSION
The deletion analyses presented in tiiis report demonstrate diat an 80 bp fragment of the histone HI 0 distal promoter region is necessary for maintaining transcriptional strength in undifferentiated F9 cells. The sequence between diis 80 bp fragment and die transcription initiation point (450 nucleotides) contains a series of protein-binding motifs, in which context die 80 bp fragment developes full activity. This structure differs from diat found for the related H5 histone genes, where less tiian 150 bp of die proximal promoter region seems to be sufficient to ensure basal level transcription (19) . A functionally similar sequence has been described in die distal part of die Hit histone gene, which shows a twofold increase in transcription when sequences extending up to position -693 are present (20) . In contrast to HI, transcription of die Hit gene, like die HI 0 , is not S-phase-dependent. Anodier sequence widi enhancer-like character has been described in die S-phase regulated histone H4, aldiough located at a very distal position widi respect to die transcription start point (21) . Interestingly, die RARE found immediately upstream of die 80 bp fragment does not seems to play an important role in maintaining basal level transcription, since dieir deletion does not affect transcriptional strength. Whedier diis situation also holds true for other RA-regulated genes is not known so far (for a review see 22) .
By DNasel footprinting, we could demonstrate diat die 303 bp Bgll-Nael segment (see Fig. 1 ), including die RARE and die 80 bp fragment, is able to bind at least two different factors, but only one, the so called footprint I, is localized in die 80 bp region, known to be necessary for full transcriptional activity. Nevertheless, die deletion analysis pattern, shown in figure 1 , suggests diat at least one further element located between nucleotides -451 to -488, is necessary to maintain basal level transcription. By band-shifting experiments, specific and nonspecific competition and DMS interference analysis we demonstrated diat, in fact, factor(s) are able to bind in a specific manner to this element (named here region HI). Furthermore, CAT analyses widi promoter sequences in which die protein-contacting guanines of each footprint were mutated, resulted in a clear impairment in transcription, demonstrating, that binding of the factors) to footprint I and region HI is necessary for modulation of transcription. This statement is based on the fact that the mutated oligonucleotides were neither able to produce specific retarded complexes nor to specifically compete out the complexes formed by the wild type sequences (see Fig. 4) .
The way in which the 80 bp fragment stimulates transcription suggests that the proteins binding to this fragment work like activators (see 23). These activators are only fully active in the context of other general transcription factors localized in the proximal region of the promoter. Indeed, in the HI 0 proximal promoter region canonical sequences for the binding of SP1, Hl-box, oct-1, HMM, TATA-box-factor and other not yet characterized transcription factors are found. The cooperation between the factors binding to the 80 bp fragment and these general transcription factors is demonstrated in experiments showing that point mutations in the afore mentioned elements resulted in a strong impairment of transcription (B.S., B.B. and A.A., in press). In this context, the proteins binding to oligonucleotides I and HI resemble in their effect yeast activators like GAL4 when positionned distally to some mammalian promoters (24) .
The transfection experiments using constructions encompassing oligonucleotides I or HI and the HSV-tk promoter demonstrated a less pronounced increase in transcription (2 to 3 times) compared with the effect of the same sequences when located in the context of the entire promoter (quotient AX/A63 in Figure 1 ). The same holds true when the Avail fragment, containing both elements, was cloned in front of the tk-promoter. This smaller activation probably reflects the absence of general transcription factors in the minimal promoter used. Furthermore, the fact that constructions containing mutated oligonucleotides I or in failed to stimulate transcription to wild type values, argues in favour of a direct effect of the binding proteins on transcription, in a similar way as observed for the homologous constructions. Taken together, our results indicate that the putative activator develops only full activity when located in the appropriate vicinity and bound to the corresponding trans-acting factors.
A computer comparison of oligonucleotide I with sequences corresponding to promoter regions of eukaryotic genes revealed a 10 bp GC-reach segment of identity with the sea urchin H4 histone gene (25, 26) . This region has been found in the sea urchin gene to be necessary for maximal transcription in in vitro experiments, a similar function to that found in vivo for oligo I (26) . Furthermore, by UV-cross-linking experiments, a polypeptide of 85,000 daltons has been found to bind to this region, a molecular weight similar to that found in our experiments for the factor binding to oligonucleotide I (see Fig. 6 ). This together with the fact that point mutations or deletions of this element in the sea urchin H4 gene strongly impair transcription, suggests that the 90,000 dalton factor found in our study is similar to the 85,000 dalton UHF-1 factor described for the sea urchin (26) . This is strengthened by the fact that the methylation patterns of the UHF-1 and oligo I sequences were relatively similar, although not identical. Curiously, another element found in the proximal promoter region of the human histone H4, the H4TF-2 motif, is also found at a similar position in the HI 0 promoter (27, 28) .
A similar computer search for oligo HI showed a 90% identity in a 12 bp overlap with the Ul snRNA promoter (29) . Whether this homology results in a functional similarity cannot at present be decided but is rather improbable, since the homologous element in the snRNA gene is located inmediately upstream of the transcription initiation point, an atypical position for a snRNA activator (see 30) . No similarities with other DNA elements were found, suggesting that the motif described in this report represents an up to date non-described element. Whether the 30,000 dalton binding factor is unique for this motif is at present unknown.
The UV cross-Unking experiments demonstrated that at least two factors are able to bind to the 80 bp fragment with molecular weights of approximately 90,000 and 30,000 daltons. Remarkably, both factors appeared as a double band in the acrylamide gels, suggesting some kind of post-translational modification, although the existence of two different factors binding to the same sequence cannot be excluded. Whether these two factors together with the RARE-binding proteins are involved in determining the expression level in retinoic acid-treated cells is unknown. The finding that in differentiated F9 cells the proportion of both factors changes substantially compared to their undifferentiated counterparts argues in favour of such a possibility (our unpublished results).
Experiments are now in progress to isolate the trans-acting factors described in this report and to further analyse the nature of its interactions with the upstream RARE-binding factors.
